Simple and rapid tools for antibody detection are beneficial for therapeutic monoclonal antibody development. Using a synthetic cationic antibody-recognizing peptide, a label-free colorimetric assay for antibody detection was established, in which a solution containing silver nanoparticles (AgNPs) changes color depending on particle aggregation/dispersion. Among the peptide probes we previously screened as IgG binding, one (NKFRGKYK) has four cationic amino acids and a pI of 10.46. Hence, we hypothesized that the peptide would both bind IgG and induce anionic AgNP aggregation via electrostatic interactions. This dual functionality of the IgG binding peptide could be useful for colorimetric detection. The detection of IgG in a solution containing culture media was investigated, and IgG was successfully detected at 100 to 500 nM within 2 min. This method is promising for high-throughput selection of IgG-producing cells since it is fast, readily observable, and does not involve complicated nanoparticle functionalization.
Introduction
The growing role of antibodies in pharmaceutical research and their application highlights the need for an easy and cost-effective method for construction and production of IgG for molecular targeting therapies. 1, 2 During the monoclonal antibody discovery processes, the isolation of cells producing high levels of antibodies from a mixture of hybridoma cells exhibiting a wide range of antibody production is time consuming. In this regard, further advancements in cell isolation and selection producing high levels of antibodies is one of the important steps to rationalize the process development.
Due to current advancements in nano-sized material fabrication, various techniques have been proposed as new platforms for target molecule detection systems. Colorimetry using plasmonic nanoparticles (NPs) is generally known as a promising technique since it allows the detection of target molecules by the naked eye without sophisticated instrumentation. 3, 4 As candidate plasmonic NPs, AuNPs and AgNPs have been extensively investigated due to their high stability, sensitivity, and the plasmonic effect in the visible light region. 5, 6 A plasmonic NP-containing solution can change color resulting from NP aggregation or dispersion. 7, 8 To colorimetrically detect target molecules, acceptor molecules recognizing target molecules are generally conjugated to plasmonic NPs for binding target molecules. The capture of the target molecule with several NPs leads to their aggregation, called a crosslinking event, accompanied by color change. 9,10 A disadvantage of this method is its requirement for long incubation times to properly detect the color change, owing to the relatively slow NP-aggregation process. On the other hand, the use of dual-function molecules with both analyte-binding and NP aggregation-inducing properties would enable the establishment of a colorimetric assay without a crosslinking event (non-crosslinking mechanism). 11, 12 When bound to analyte molecules in solution, the dual-function molecular probe is reduced in its ability to induce NP aggregation and the NPs remain dispersed. Therefore, because the technique requires neither the time for NP aggregation for analyte detection nor conjugation of analyte-binding molecules to NPs, this colorimetric sensor system is a promising candidate method for rapid antibody detection.
To realize the full potential of this technique, the choice of a dual-function molecule is highly important. Short peptides have attracted attention as useful molecular probes in bionanotechnology that can specifically bind to organic molecules as well as inorganic materials. 13, 14 In fact, we have identified various functional peptides: HSP70-binding peptide for use as a cancer vaccine, 15 cell-adhesion peptides, 16, 17 ZnO-binding peptides, 18 Ag-binding peptides, 19 and a peptide for colorimetric detection of Ang II 4 using the SPOT-synthesis technique. 20, 21 In addition, currently we have isolated and designed some peptide probes that bind the Fc-region of IgG from a peptide library composed of IgG Fcγ receptor amino acid sequences and have used them for IgG purification 22 and detection. 23 Among these IgG-binding peptides, one (NKFRGKYK) has four cationic amino acids with a pI of 10.46, making it a potential candidate as a dual-function molecule for IgG recognition as well as for inducing anionic AgNP aggregation via electrostatic interaction ( Fig. 1) . Therefore, in this study, we investigated this IgG-binding cationic peptide for its potential use in a non-crosslinking colorimetric sensing system for antibody detection. This method will be useful for selection of high-antibody-producing hybridoma cells in combination with MicroTAS technologies.
Experimental

Materials
A colloidal solution of monodispersed AgNPs (average diameter: 20 nm) was purchased from British BioCell International (Cambridge, UK). The AgNP surface is entirely covered with adsorbed citrate molecules because the particle was produced by using citrate as the reducing agent. The dual-function candidate peptide NKFRGKYK was synthesized on a Rink-Amide ChemMatrix resin (PCAS Biomatrix, Québec, Canada) with a Biotage Initiator+ Alstra peptide synthesizer (Biotage AB, Uppsala, Sweden), using O-benzotriazole-1-yl-N,N,N′,N′-tetramethyluronium hexafluorophosphate and diisopropylethylamine as coupling reagents using standard Fmoc-protected amino acid monomers (Watanabe Chemical Inc., Hiroshima, Japan). With each elongation step, the Fmoc protecting groups were released with 20% piperidine and the peptides were subsequently washed thoroughly with dimethylformamide. After a final deprotection step, side-chain protecting groups were removed with a solution of m-cresol: thioanisol:ethandithiol:trifluoroacetic acid (1:6:3:40), and finally precipitated in chilled diethyl ether. The obtained crude peptide was dissolved in 5% acetic acid and lyophilized. The peptide was purified by HPLC using a preparative Develosil C18 column (ODS-HG-5, Nomura Chemical Co., Ltd., Aichi) and a gradient elution composed of acetonitrile and water including 0.1% TFA. The identity of the purified product was verified using matrix-assisted laser desorption ionization, time of flight mass spectrometry (AXIMA-CFR Plus, Shimadzu, Kyoto, Japan). The obtained lyophilized powder was stored at -20 C until use in the assay.
Colorimetric detection of IgG using the NKFRGKYK peptide probe and AgNP
For proof of concept, the colorimetric sensing using the functional peptide and AgNP for IgG detection was conducted with 20 mM phosphate buffer (pH 7.0) because various compounds including salt could affect on the evaluation. The NKFRGKYK peptide probe was prepared (25 μL) and mixed with an equal volume of mouse IgG solution (Abcam, Cambridge, UK) at concentrations ranging from 0 to 300 nM. The mixture was incubated for 15 min at room temperature, at which point AgNPs (120 μL) were added. After incubation for 1 h, the absorbance spectra from 300 to 700 nm of the solution was measured using a microtiter plate reader (PowerScan 4, DS Pharma Biomedical Co., Ltd., Osaka, Japan), and the wavelength separation between two major peaks at around 400 and 568 nm were calculated. As a negative control, bovine serum albumin (BSA; Wako Pure Chemical Industries, Ltd., Osaka, Japan) was used in this assay.
Interference assessment
The culture medium could potentially interfere with colorimetric detection due to the presence of various molecules including BSA. To investigate the interference from culture medium, colorimetric detection of IgG was evaluated in the presence of 3A21 hybridoma cell line medium (Riken Cell Bank, Ibaraki, Japan), composed of RPMI 1640 (Gibco Japan Ltd., Tokyo, Japan), Dulbecco's Modified Eagle Medium high glucose (DMEM, Invitrogen, Carlsbad, CA), and Ham's F-12 Nutrient Mixture (Sigma-Aldrich, St. Louis, MO). These components were mixed at a ratio of 2:1:1 and supplemented with glucose (0.875 g/L), insulin (10 mg/L), transferrin (20 mg/L), monoethanolamine (2 μL/L), disodium selenite (0.17 μg/L), BSA (5 g/L) and NaHCO3 (2.235 g/L). The medium was diluted 5-fold and IgG was detected with the colorimetric sensor system. IgG at concentrations ranging from 0 to 500 nM was used to generate a calibration curve with triplicate independent assay conditions. 
Comparative study between colorimetric assay and enzymelinked immunosorbent assay (ELISA) for IgG detection in diluted culture medium
To evaluate the accuracy of the colorimetric detection system, IgG in the cell culture supernatant after culturing human IgG-producing cells (CHO cell line) was detected by using the developed colorimetric sensing system and ELISA (Human IgG ELISA Quantitation Set, Bethyl Laboratories, Montgomery, TX). After growing the IgG-producing CHO cells, the cells were pelleted by centrifugation and the pellet was discarded. The medium supernatant was filtered through a Microcon Centrifugal Filter Device YM-100 (EMD Millipore, Billerica, MA) to separate the produced IgG from the solution. The concentrated IgG was quantitatively detected with the ELISA kit. The concentrated IgG was added to part of the IgG-depleted culture medium to produce a solution with known concentrations of IgG (150 nM). Using these solutions, the amount of IgG was quantitatively evaluated by the colorimetric sensor and ELISA.
Results and Discussion
A dual-function peptide that binds IgG and induces AgNPaggregation, NKFRGKYK, was previously isolated by peptide array technology from an IgG Fcγ receptor amino acid sequence library. Because the peptide contains four cationic amino acids (three lysines (K) and one arginine (R)) and a high isoelectric point (pI = 10.46), the electrostatic charge of this molecule should be positive in neutral-pH medium. The AgNPs have negative zeta potential (-37.5 mV) 24 due to the surface citrate molecules and aggregate through the charge neutralization resulting from binding positively charged peptide molecules. Furthermore, if the electrostatic interaction contributes to the binding between the NKFRGKYK peptide and IgG, the binding affinity of NKFRGKYK for AgNPs decreases. Based on this mechanism, herein we sought to develop a colorimetric sensor based on the concept shown in Fig. 1 using this dual-function peptide to detect IgG antibody in the presence of hybridoma media.
Firstly, basic idea for colorimetric detection of IgG using the peptide probe was confirmed. As shown in Fig. 2 , the free NKFRGKYK peptide induced AgNP aggregation and a color change from yellow to red was observed. This color change was easily recognized by the naked eye, as can be seen in Fig. 2B , and was stabilized within 10 min after the addition of analyte IgG molecules. In the case of the existing IgG in solution, the aggregation of AgNPs was not observed because of the binding between NKFRGKYK peptide and IgG, which produced a stable yellow color. With regard to the absorbance spectra, free AgNPs and the aggregates showed absorbance at 400 and 568 nm as main peaks, respectively. These observations clearly show that the NKFRGKYK peptide is a dual-function molecule that can be used for colorimetric detection of IgG.
To determine the dynamic range of IgG detection using this technique, the color change in the presence of different concentrations of IgG (0 to 300 nM) was analyzed (Fig. 3A) . The color change was clearly visible from 100 to 200 nM IgG. These color changes were re-confirmed by UV-Vis spectroscopy. According to the increase in IgG concentration, the increase in absorption peak at around 400 nm and the peak shift to longer wavelength were observed. Additionally, the absorption peak at around 568 nm was shifted to shorter wavelength and its intensity decreased (Fig. 3B) . Therefore, we set the value of wavelength separation between two major peaks for IgG detection. By plotting the values in the presence of different concentrations of IgG, the detection range was revealed to be 10 to 150 nM, since the value at 10 nM was over the value S/N = 2 (signal to noise ratio) at 0 nM and the peak at longer wave length could not be determined above 150 nM. The spectra of 200 and 300 nM were quite similar (Fig. 3B) among them, but slight color change could be recognized as seen in Fig. 3A . These results indicate that the interaction of the NKFRGKYK peptide and AgNPs already started at less than 10 nM IgG and was almost saturated at 200 nM. In addition, no color change was observed by the addition of BSA to the solution containing AgNPs, while IgE and IgA produced significant color changes similar to that with IgG. Although the NKFRGKYK peptide cross-reacts with IgE and IgA, color change was not observed with IgM since it forms a large pentamer or hexamer via multiple disulfide bonds. Therefore, these results show that the NKFRGKYK peptide that binds to the Fc region of IgG could be used for colorimetric detection of IgG.
One of the advantages of a non-crosslinking-based colorimetric sensor is detection time. As this method does not require the time for NP aggregation for analyte detection, it is generally known as the short-time detection system as opposed to a crosslinking-based colorimetric detection system. To evaluate the time needed for IgG detection using this system, a timecourse analysis was conducted ( Fig. 4 ). As the determination of wave length of one major peak at around 568 nm was difficult at short reaction time, the quotient of absorption values (A400 nm/A568 nm) was plotted here (Fig. 4) . The results indicate that the absorption signal drastically changed within 1 min and stabilized within 2 min for the detection of IgG at 150 nM. Since a bottleneck of the antibody-development processes is the isolation and selection of cell clones producing large amounts of IgG from a mixture of hybridoma cells with varying epitopes and levels of IgG secretion, a more facile antibody-detection technique is needed for monoclonal antibody development. If the present colorimetric sensor can be applied in this area, cell screening might be significantly improved. Therefore, using this colorimetric sensor, we have conducted colorimetric sensing of IgG production in the presence of culture medium. Unfortunately, the direct evaluation of IgG in the culture medium could not be achieved due to the obstruction by various compounds such as BSA and glucose in the medium. Therefore, the medium supernatant with IgG was filtered through a size separation filter and diluted 5-fold for detection. In Fig. 5 , the relationship between the peak separation in the absorption spectra and IgG concentration over the range 100 -500 nM was observed. As the value at 100 nM was over the value S/N = 2 at 0 nM, the detection limit was defined at 100 nM in this condition. In addition, because the calibration curve from 100 to 500 nM IgG showed linear correlation (R 2 = 0.97), the technique is reliable in this range at this experimental condition. Herein, the analyte was 5 times diluted, which means that IgG was evaluated in the range from 20 to 100 nM. This seems to be reasonable in comparison to the detection range of 10 -150 nM in Fig. 3C . In the presence of medium, slight interference might be seen in this condition, further optimizations including AgNPs and peptide concentrations might be able to improve the dynamic range and the detection limit. To confirm the detection accuracy, colorimetric evaluation was applied to IgG of a known concentration (150 nM) by ELISA in diluted culture medium. The IgG concentration obtained by our colorimetric method was 182 nM, which was similar to that obtained by ELISA. Although the accuracy of the assay still needs to be improved for some applications, this method might already be useful for initial screening of high-IgG-producing clones from a hybridoma library.
In summary, we have successfully developed a label-free colorimetric assay system using a previously identified peptide Fig. 4 The kinetics of change in A400/A658 for AgNPs alone ( ) and with IgG concentration of 150 nM ( ). The color images of AgNP solution in the presence or absence of peptides were monitored for 6 min at the two wavelengths and A400/A658 was plotted vs. time. probe that binds IgG with high affinity (NKFRGKYK) and colloidal AgNPs. Using this peptide probe, IgG (10 -200 nM) was colorimetrically detected within 2 min while the control proteins did not produce color changes. The detection system was also evaluated in the presence of cell culture medium, to indicate the possibility for future application within the antibody development process. As a result, the IgG was quantitatively detected using the colorimetric sensing system from 100 to 500 nM in the presence of culture medium and the IgG was detected at a similar value to that determined by ELISA. Therefore, we believe the method developed here presents a promising technique to colorimetrically detect IgG. In addition, the combination of the developed colorimetric sensing system and MicroTAS system could open up new technology for the high-throughput screening of IgG high producing cell. Especially the development of the evaluation methodology at single cell level will highly contribute to rationalize the process development.
